heat capacities of cerium and lanthanum zirconate (Ce2Zr207 and LazZrz07) were measured from 4 to 400 K by adiabatic calorimetry. The derived thermodynamic functions, Ho, So and {Go -H'(O)}/T were calculated. The standard molar entropies at 298.15 K were determined as 230.21 f 0.46 J/mol K and 238.53 f 0.48 J/mol K.
INTRODUCTION
data on their thermodynamic properties can be found.
In case of a very severe nuclear reactor accident For this reason the thermodynamic functions of interactions of fission products with the zircaloy clad-La2Zr207 and Ce2Zr207 have been determined from ding (as well as the concrete basemat) are likely to four to 1OOOK. This has been done by adiabatic occur. Formation of compounds during this inter-calorimetry for temperatures up to 400K and drop action may greatly influence the release of less volatile calorimetry for temperatures between 500 and 900 K.
but radiologically highly hazardous fission products, like the rare earth elements. For that reason better understanding of the energetics of compounds such as the light lanthanide zirconates, Ln2Zr207, can enhance the accuracy of safety analyses for nuclear power plants. Cerium zirconate Ce2Zr207 (in the system Zr-Ce-0) is metastable at room temperature and will easily be oxidised to a solid solution of ZrOz and CeO2 at temperatures above some 700K [l, 21. At elevated temperatures (7' > 1600 K), in reducing atmospheres, 3+ becomes the stable valence of cerium in cerium oxide-zirconium oxide mixtures [3-51. Conditions typical for a severe nuclear reactor accident would be high temperatures (up to some 2600 K) and a reducing (hydrogen containing) atmosphere. Ce2Zr207 is therefore the relevant oxidic cerium-zirconium compound for nuclear safety analysis purposes.
There is a considerable interest in rare earth zirconates because of possible applications as host materials for fluorescence centres [ 
Preparation of La2Zr207
Zr02 (Aldrich, Hf < 2 -10w4) was heated at 1473 K to remove adsorbed moisture. La203 was prepared by dissolving La2(C03)s.8 H20 in nitric acid, and subsequently producing a precipitate by addition of NHs (aq) in excess. The precipitate was dried in air and then heated in oxygen at 1173 K to remove the nitrogen containing fragments. The resulting lanthanum oxide was heated at 1473 K to remove any absorbed water, and analyzed as 99.9% pure. After drying the starting materials were stored in an argon-filled glove box.
Lanthanum zirconate was prepared by thoroughly mixing stoichiometric amounts of the constituent oxides. The mixture was uniaxially pressed to pellets and sintered in platinum boats under purified argon at 1773 K for 10 hrs. After heating and thoroughly grinding, the sample's phase composition was checked by X-ray diffraction. This procedure was repeated several times to obtain pure La2Zr207. The final X-ray pattern (Guinier-de Wolff, Cu Kot,~) made it possible to determine the lattice symmetry as cubic, with lattice parameter 1.080 42 nm and space group F23 (196) [9] . So the structure of this zirconate is probably a slightly distorted pyrochlore, having lower symmetry than a true pyrochlore (space group Fd3m (227)).
Preparation Ce2Zr207
The preparation of CezZrzO7 was comparable to the route taken for LazZrzO,. An accurately known quantity of dry ZrO, was introduced in a platinum beaker. A stoichiometric amount of an acidic Ce(NOs)s (Merck, extra pure) solution of precisely known Ceconcentration (approximately 15 wt% Ce) was added to the ZrOz, and subsequently a precipitate was produced by adding NH3 in excess. The precipitatecontaming ZrOz-was dried in air and then heated in air at 1173 K to remove the nitrogen containing fragments.
The resulting stoichiometric mixture of ZrO, and CeOz was further homogenised with pestle and mortar. The powder was uniaxially pressed to pellets and sintered in platinum boats under purified argon at 1823 K for 8 hrs, then switching to argon +5% hydrogen for two additional hours at the same temperature. The last atmosphere was also used during cooling to room temperature to prevent reoxidation of the sample. The hydrogen was used to facilitate the reduction of Ce4+ to Ce3+ [6, 10, 111. After heating and thoroughly grinding in a zirconia ball mill, the sample's phase composition was checked by X-ray diffraction. This procedure was repeated several times to obtain pure Ce2Zr207. The final X-ray pattern (Guinier-de Wolff, Cu K-i,*) is nearly identical to that published by JCPDS [12] . The cerium zirconate appeared to be isostructural with La2Zr207, the diffraction pattern indicating a cubic lattice symmetry. The lattice parameter is 1.05877(19) mn and space group F23 (196) . A list of observed diffraction lines is given in Table 1 .
Calorimetry
Measurements of the cp" between 4 and 400 K were performed in a custom-built adiabatic calorimeter (version cal VII, a copy of cal V which was described elsewhere [ 131). Deviations in measured heat capacities from the reference values for NBS (National Bureau of Standards, now known as NIST) standard reference material No. 720 (synthetic sapphire (AlrOs)) are smaller than 0.1% over the whole temperature interval. The experimental determination of the heat capacity was performed on samples of CezZrzOr or LazZr207 weighing approximately 18 g.
The enthalpy increments above room temperature were measured in an isothermal diphenyl-ether calorimeter which was described previously [ 141. The sample is enclosed in a high purity silver ampoule (spherical, 20 mm in diameter and 0.25 mm wall thickness). The (filled) ampoule is heated to a temperature known to 0.1 K. After ample equilibration time, the container is dropped into the calorimeter. The energy of the silver ampoule plus the sample contained therein then melts the diphenyl ether, in equilibrium with its liquid in a closed system. The resulting volume increment is determined by weighing the displaced mercury. The calorimeter is calibrated against NBS standard reference material No. 720. The calibration results agree within 0.2% with the data given by the National Bureau of Standards. The enthalpy contributions of the silver ampoules were determined separately [ 151.
THE ENTHAL.PIES OF FORMATION OF Ln2Zr20,
The enthalpy of formation of LazZrzO, has been determined by high-temperature solution calorimetry [9] . On trying to measure the enthalpy of formation of CezZr207 with the same technique, it appeared that the CezZrzO, would oxidize to CeOz-ZrOz in the atmosphere of the calorimeter. This was probably due to the oxygen potential of the solvent (molten PbzBzOs at 974K), because the oxidation could not be prevented by flushing (+ 25 ml/min) the calorimeter with purified argon (passed through Ti-filter at 1250K). To be able to present a complete AfGo function for CezZrz07 it is necessary to obtain a ArH" value. The enthalpies of formation for a series of lanthanide zirconates were measured by Korneev et al. [ 161. They did however not arrive at Ce2Zr207 but at CezZrzO,+, (i.e. most Ce is 4+). So the enthalpy of formation measured by Komeev is not useful for our purpose. Therefore, an attempt has been made to 
and Sm-zirconate (as measured by Korneev et al. where  [ 16] ), the respective starting oxides and reaction products are isostructural, a linear relation between the dLn-o = rLn + ro (2) enthalpy of formation-reaction and the reciprocal distance Ln-0 may be presumed. Linear regression Given Ln-0 distances are the sum of the effective produces a relation between the enthalpy of reaction ionic radii, as reported by Shannon [17] for the Fig. 4 . The reduced enthalpy increments of CerZraOr and LaaZrsOr as a function of temperature. The high-temperature data are taken from enthalpy increment measurements (Table 6 ) and the low-temperature data are selected dam from cP measurements in an adiabatic calorimeter (Tables 4 and 5) . Table 2 (125.2 kJ . mol-'). Because Korneev used an oxygen bomb calorimeter, pyrochlore formation may have been incomplete (glassy phases and lattice defects in the pyrochlore could have been produced without being noticed in the subsequent check with La2Zr207 reported by Bolech et al. (6.4 kJmol-I). Therefore this enthalpy of formation of La2Zr207 was extrapolated, using the dLn_O dependence of function 1 (from Korneev's data) multiplied by 136.1/125.2, to deduce the enthalpies of formation from oxides of Ln2Zrz07 according to: . This is probably due to residual entropy stemming from lattice defects introduced by sintering in a hydrogen containing atmosphere. The effect is small however, and probably can not be prevented because of the rapid oxidation of Ce2Zr207 under atmospheres with traces of oxygen. Interestingly, this phenomenon was not observed for cerium silicate even though its preparation was done under argon plus 5% hydrogen too 1191.
The high-temperature enthalpy increments are Table 6, The standard deviations in these fits are 282 J/mol for cerium zirconate and 222 J/mol in the case of lanthanum zirconate. The smoothed thermodynamic properties of cerium and lanthanum zirconate from 298.15 to lOOOK were derived from the given functions. For selected temperatures the values are given in the lower sections of Tables 4 and 5, respectively. The values for AfHo and ArG' have been calculated using the enthalpies of formation discussed before and data on the pure elements taken from the works of Cordfunke and Konings [20] . As can be seen in Fig. 4 , the sets of data for low and high temperature measurements join smoothly at room temperature. As neither of the two zirconates were measured before, there are no literature values to compare.
